Water level measurements made by water level probe in the Skyline Drive well, Tyngsborough, Massachusetts 
Introduction
In August 2004, a domestic water well was drilled into granitoid metamorphic rocks 5.38 kilometers southwest of Tyngsborough, Massachusetts on Scribner Hill ( fig. 1 ). According to well driller Roger Skillings of Skillings and Sons, Inc. (oral commun., 2005) , no water was encountered during drilling and when the borehole reached a depth of approximately 305.1 m, a blue flame exploded out of the well casing and ignited the drill rig, resulting in a total loss of the equipment (cover). Follow up water quality studies by the Massachusetts Department of Environmental Protection (Stephen Hallem, oral commun., 2006) detected low levels of methane in the groundwater extracted from the well. Discussions with the Stephen Hallem, Massachusetts Departments of Environmental Protection and David Wunsch, the New Hampshire State Geologist, prompted the USGS to further investigate this methane occurrence in granitoid rock. Borehole characterization and water quality sampling reported here were completed in May and June 2006, in an effort to identify the potential source of the methane. Follow up samples yielded no detectable methane, and for that reason this report presents a brief summary of our preliminary findings.
Our findings show that the well has many fractures but none clearly discernible at the bottom of the well (305.1 m). The deepest observable fracture occurs near the bottom of the well at a depth of 294 m. The original methane was probably stored in this deep fracture or an unobservable fracture at the very bottom of the well (305.1 m), and released during drilling. We can only speculate about the initiation of the explosion. Perhaps a spark was generated by static electricity as the gas escaped or by the dry drill bit-rock interaction producing a piezoelectric effect caused by the applied mechanical stress of drilling. Microbial action may be responsible for depleting the methane in the well to limits below detection.
Borehole Characterization
In May and June 2005, borehole characterization of the well was completed with the following instruments:
• Three arm caliper (with natural gamma) • Induction (rock resistivity and conductivity with natural gamma) • Electrical log (Fluid conductance, resistivity, and temperature) (Zen, 1983) .
• During the time of logging, the water table ranged from approximately 39 to 46 m below ground surface (table 1) .
• The borehole diameter is stepped but generally uniform, smooth, and 305.1 m deep ( fig.  3 ).
• Gently to moderately dipping fractures occur throughout the borehole in the igneous rocks, but are not apparent in the Berwick Formation.
• Fractures that cross the foliation "crossing fractures" are more common than fractures along the foliation "parting fractures"; ( fig. 2 and the borehole log).
• The deepest measurable fracture occurs at a depth of 294.4 m. The fracture is approximately parallel to the foliation (parting), and occurs at the top of a thin (20 cm thick) zone with a relatively higher concentration of leucocratic material (granite or pegmatite). Highly reflective minerals interpreted as pyrite are present in this zone.
• No distinct fractures were detected at the bottom of the well. At the bottom, the caliper log indicates that the borehole is cylindrical and measures 14.47 cm in diameter.
• Rock types in the borehole appear to be the same as rock types at nearby outcrops. The main rock type is granodiorite of the Ayer Granite.
The nature of borehole logs is such that normally a suite of logs are collected. At this well we employed various borehole probes; each probe collects several physical property measurements. Though some measurements are redundant this approach is applied because two logs may provide answers that may not be possible with either log separately, and each additional log may add much more to an understanding of the system (Keys, 1989) . 2 Combined physical property data can be used to provide other useful information about a borehole such as volume, structure, strike and dip, fracture apertures and sizes, fracture density, borehole deviation, and lithologic contacts.
Outcrop Characterization
Geologic characterization of nearby outcrops was conducted for comparison with the borehole. Nearby outcrops consist largely of Ayer Granite with screens and xenoliths of Berwick Formation metasedimentary rocks. Both the Ayer and the Berwick contain crosscutting dikes and sills of foliated biotite granite and granite pegmatite. The biotite granite resembles the nearby Devonian Chelmsford Granite. Fracture characterization was conducted at a large roadcut on Alpine Way (fig. 4) and included measurement of all fractures over a distance of 25 m with trace length ≥1 m on the western end of the roadcut. The rock type is dominantly biotite granodiorite with 1-2 cm microcline megacrysts. There are two large foliation-parallel xenoliths or screens (~1-2 m thick) of Berwick Formation biotite-quartz-plagioclase granofels and calc-silicate granofels within the roadcut (fig. 4 ). Smaller xenoliths of Berwick Formation are visible on the top of the outcrop on the south side of the road. The Berwick Formation and the Ayer Granite share the same dominant foliation; in other words, both rocks pre-date the major foliationproducing deformation event in the crystalline rocks. The Berwick Formation is rusty weathering and locally sulfidic. The Ayer Granite is rusty weathering near the contacts with Berwick. Some fresh, non-rusty sulfides were seen in the Ayer. A summary of the findings includes 1. Sheeting fractures (low angle joints (<20º) often associated with parallel foliation, rock cleavage, or quartz veins) some with water seeps, generally strike NNW and dip gently ENE. Most are blind (not continuous) and planarity is moderate to low. Spacing is ~0.2 -1.0 m, and increases with depth.
2. Steeply to moderately dipping foliation strikes NE and dips SE and shows occasional parting in the Ayer and well-developed parting in the Berwick. Foliation-parallel fractures are throughgoing.
3. NW striking, sub-vertical faults all show NE side-up relative motion with slickensides plunging moderately to the SE. General motion is left-lateral, north side up and to the NW. All faults are blind and show low to moderate planarity (in other words, some are slightly curved).
4. Steeply dipping very planar joints trending ~170º are throughgoing and cross all structures. They are not uniformly distributed across the outcrop, but occur in zones with ~0.2 -0.6 m spacing.
5. Subordinate fractures include steeply dipping, abutting and blind joints striking ~EW to ENE. Trace lengths are generally < 2 m.
6. Minor parting occurs along late, thin (< 10 cm thick) NE striking tabular pegmatite dikes.
7. The orientation of the dominant foliation is approximately the same in the borehole as it is in the roadcut. In the borehole, the approximate dip, dip direction and strike are 56º, 123º, 33º. This orientation is approximately the same as the small fracture seen at 294.4 m (51º, 123º, 33º).
Planar features measured in the borehole are shown in figures 3 and 5. A comparison with features observed in the borehole indicates the following:
• Gently to moderately dipping fractures (see item 1 above) are common to the borehole and the outcrop, as are steeply dipping E-W trending fractures (item 5 above). Northsouth trending fractures seen at the outcrop were not observed in the borehole (item 4 above).
• Foliation in the borehole is fairly uniform and has a similar orientation at the outcrop (item 2 above).
• Granite and pegmatite dikes in the borehole have many orientations, but show two preferred directions with a NE strike and a SE and NW dip; the former is parallel to the foliation.
Dissolved Gas Analysis
Water samples were collected from the well by the USGS in May and June 2006. In May 2006, water samples were collected from the bottom of the well with a stainless steel in-situ sampler and from approximately 73 m below ground surface with a turbine pump. Pumped samples were collected in 100 ml glass vials closed with silicone septa using standard USGS sampling procedures for dissolved gases in groundwater. Aliquots from the bottom in-situ samples were collected in 100 ml glass vials closed with silicone septa, but were exposed to air during shipping. Samples collected from the bottom of the well in June 2006 with an in-situ sampler were transferred from the sampler into gas sampling bags without exposure to air. All samples exsolved gas at the surface ( fig. 6) .
Analytical results are listed in table 2. In addition to USGS analyses, Table 2 includes an analysis of the Skyline Drive well performed by the Massachusetts Department of Environmental Protection (Mass DEP) in May 2005, and analyses of two samples from other bedrock wells in Massachusetts, also provided by the Mass DEP.
There are two obvious features in the molecular analyses in table 2 for the Skyline Drive well. The gases are dominated by nitrogen and oxygen, essentially air, and methane was not detected in the USGS samples taken in 2006 and the methane concentration in May 2005 in the sample taken by the Mass DEP was very low, only 0.288 molecular precent. Ethane was detected only in the Mass DEP sample, and all other hydrocarbon gases up to C6 (hexane) were below detection limits.
The only stable isotopic data for methane in the Skyline Drive well is the analysis of the Mass DEP sample that has a carbon isotopic composition of -41.28 permil relative to Pee Dee Belemnite Standard (PDB). One goal of the USGS sampling in 2006 was to confirm this value and provide an analysis of the hydrogen isotopic composition. This was not possible. The carbon isotopic composition of methane in other bedrock wells in Massachusetts ranges from -70 to -78 permil relative to PDB. The carbon isotopic composition of dissolved inorganic carbon ranged from -14.4 to -20.5 permil relative to PDB. The isotopic composition of nitrogen was measured in one sample with δ15N = 0.29 permil relative to air.
The origin of hydrocarbons in the Skyline Drive well is problematic because methane is no longer present. Unpublished isotope data and composition data from the Mass DEP (Stephen Hallem, written commun. 2006) are intriguing, but frustrating because duplicate measurements were not possible. The carbon isotopic composition of methane (no hydrogen isotope data unfortunately) is in the range of thermogenic petroleum gas ( fig. 7) , but the amount of ethane is low enough that this isotopic composition could be due to microbial oxidation of an original microbial gas that looks like the others. The concentration of methane that Hallem measured is so low that the gas would not be flammable. We could not measure methane in either of our samples, but present a hypothetical time line. The well produces "no water" but blows out enough flammable gas (has to be greater than about 30 percent methane) to start a fire when drilled in 2004. By May 2005, the water level in the well had recharged to its current level and the dissolved gas contained only 0.288 percent methane, a trace of ethane and measurable amounts of He and H 2 , but generally looked like atmospheric air. We sampled it a year later, find no detectable methane, H 2 , or He, the gas looks like air, and the water recharge rate is clearly very, very low.
This suggests the methane content has decreased with time to essentially zero. This could be due to microbial oxidation. The original, flammable gas was most likely of microbial origin, probably by CO 2 -reduction, using H 2 from redox reactions with water in the granite (Sherwood Lollar, and others, 1993) . Once the system was opened, microbial oxidizers took over and consumed the remaining methane, at least in the well bore. (Salvini, 2004) . Numbers 1-6 (stereonet) and 1-4 (photograph) correspond to features described in the text. Arrows on the photograph show two large screens of Berwick Formation within the Devens -Long Pond facies of the Ayer Granite. View is looking to the north-northeast. Table 2 showing the fields for gases of microbial origin (green box) and petroleum gases from thermogenic cracking of sedimentary organic matter (red box). The composition of gases that are oxidized by microbes can be shifted from the range for microbially generated gas toward thermogenic gas by partial removal of methane as indicated by the arrow (Bernard and others, 1976; Whiticar, 1999) . In addition to the gases from crystalline bedrock in Massachusetts, the compositions of natural gases from Silurian age reservoirs in Ohio and Pennsylvania and shallow water supply wells in Ohio, are shown for comparison (Barton and others, 1998; Burruss and Ryder, 2003) . The mixing line is calculated for gases with the endmember compositions with points for 20 percent increments of mixing. There is no evidence of mixing between microbial and thermogenic gases in the samples from Massachusetts. 
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